


the southern location. The data at times of AVIRIS overflight are shown
vectorially in Figure 4.

Ground measurements of surface spectral reflectance. Directional
hemispherical spectral reflectance was determined over four unvegetated
bright and dark targets (Figure 1) using the Portable Instantaneous Display
.and Analysis Spectrometer (PIDAS). We plan to use these data for in-flight
radiometric calibration of AVIRIS (Green, et al., 1990) and to determine
surface spectral reflectance of other targets using an empirical method
relating surface reflectance to scanner response (Conel, 1990; Conel, et
al., 1989).

ALGORITHM FOR ATMOSPHERIC WATER VAPOR RETRIEVAL

We have employed a computationally simple algorithm (Green, et al.,
1990), based on use of the short-wavelength infrared 940-nm and 1130-nm
atmospheric water vapor absorption bands, to retrieve atmospheric moisture
over land areas. Retrievals over "water bodies, where the surface
reflectance is zero at these wavelengths will require use of the atmospheric
path radiance. The algorithm wuses radiance measurements from AVIRIS at the
center of an absorption band, together with wvalues of the "continuum"
radiances to either side (Figure 5). A value of the continuum radiance at
the wavelength of maximum band absorption is estimated by linear
interpolation between these adjacent continuum values. A ratio is formed
between the interpolated continuum and band radiances, called the continuum
interpolated band ratio (CIBR).

It has the form
CIBR =y = L3/(CIL1 + Csz) (1)

where C,  and C, are constants, equal to 0.5 at 940 nm, where the
measurement channels are equally spaced in wavelength, and 0.52 and 0.48
respectively for 1130 nm, where they are unequally spaced. To provide a
calibration relationship between the CIBR as defined in Equation 1, and
column water abundance w, measured in g HZO/cmZ, we employed the LOWTRAN 7
radiative transfer code with the following conditions: (1) midlatitude
summer; (2) surface elevation = sea level; (3) default rural aerosol model
(Detailed descriptions of the aerosol scattering phase functions utilized in
LOWTRAN are given by Kneizys, et al. (1983).); (4) 36-km visibility; (5)
surface (Lambertian) spectral reflectance = 0.25; (6) altitude of AVIRIS
observation = 20 km, (7) latitude = 33.2°N longitude = 115.50°W, (8) solar
zenith angle = 24.9°, The resulting calibration curves are shown in Figure
6. These have the convenient and accurate functional forms

y = exp(- awb) (2)
where o and B are constants. This algorithm is sensitive to the presence
of water absorption bands in the surface reflectance that arise from

vegetation (Figure 7), since the surface and atmospheric bands overlap one
another. Accordingly, under some conditions, extraction of the surface band
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contribution from the total water present will require assumption of a band
model for the surface part, since the observed radiance (one observation) at
wavelengths within the atmospheric band consists of contributions from both
atmosphere and surface. For conditions of low visibility (e.g., a few tens
of km), the algorithm is sensitive to the visibility and to the aerosol
model employed. The uncertainties introduced by each of these problems are
discussed below.

WATER VAPOR MAPS OVER THE NORTHWEST IMPERIAL VALLEY

Figure 8a/Slide 9 shows a three-color composite image of AVIRIS data
from one segment of the northwest-southeast trending flight 1line. The
lattice pattern of field boundaries is laid out along section lines, north
being down and to the left, east up and to the left. The distance between
geothermal plants U2 and U3, depicted by x’s, is 0.5 mile (0.8 km). The
distribution of vegetated, partially vegetated, and fallow agricultural
areas for April 18, 1989 are shown in shades of green in Figure 8a. The
column abundance distribution of atmospheric water vapor, calculated from
the 940-nm water band, is shown in Figure 8b. These values have been
rectified to a vertical path assuming local atmospheric homogeniety. It is
readily apparent that superposed upon regional trending bands of variable
moisture is a "residual" pattern of the fields. 1In Figure 9/Slide 10, the
green field pattern from Figure 8b/Slide 9 has been superposed on the water
image to facilitate a closer comparison. In general, there appears to be no
correlation between the distribution of green fields and the total column
abundance of water present. That is, the presence of green vegetation at
the surface does not appear to enhance the atmospheric moisture component at
the level of water vapor subdivision depicted. Nor does the presence of an
unvegetated substrate generate any systematic pattern of retrieved abundance
relative to the surroundings. However, the vegetation must influence the
retrieved abundances. This problem is dealt with below.

COMPARISON OF RETRIEVALS FROM THE 940- AND 1130-NM BANDS

In Figure 10/Slide 11 we present a comparison of water abundances
retrieved from the CIBR algorithms for the 940- and 1130-nm bands,
represented on a common color scale. While the overall pattern of
retrieved moisture is very similar, the derived water abundance for 1130 nm
is systematically lower than that for 940 nm everywhere in the image. A
similar discrepancy was found for retrievals at Salton City (Figure 2).

VALIDATION EXPERIMENTS AND PRECISION OF THE ﬁATER VAPOR RETRIEVALS

Validation via LOWTRAN 7 and single spectral line determinations. Good
agreement has been found between column abundances derived from AVIRIS, when
the instrument has been calibrated in flight, and abundances measured
simultaneously from the ground with the Reagan solar photometer (Bruegge, et
al., 1990). Bruegge, et al. (1990) have further compared the column
abundances derived from the solar photometer data based on LOWTRAN 7 with
column abundances derived from analysis of eight mid-infrared single-line
profile measurements obtained with a high-spectral-resolution interferometer
(JPL Mark IV). The scatter of the eight interferometer determinations is
13%; the agreement between the LOWIRAN 7-based solar photometer retrievals
and the single-line determinations is about 1%.
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Estimating precision of determinations. Close inspection of the images of
Figure 8 shows the presence of a grainy pattern over the water and elsewhere
that represents both coherent and random electronic noise components. A
coherent noise component with a frequency near 400 Hz is known in the AVIRIS
data and has been traced to a power supply aboard the ER-2 aircraft.
Random electronic noise, represented by dark current fluctuations measured
at the end of each AVIRIS scan line, is present at the level of about *3 DN,
equal to a noise equivalent radiance of about 0.1 pW/(cm2 sr nm) (Chrien, et
al., 1990)

The fractional uncertainty in the CIBR (= y) ay/y is derived from
Equation 1 as

2 2 22 2
ay/y - J(y Cla1 + C2 g, + Clcza12

(3)

- 2yC,0,,2 - 2C,0,,2 + 0,%)/L,

where o, and o are diagonal and off-diagonal elements of the covariance
matrix of the L., obtained from analysis of the radiances observed by AVIRIS
over the water, o, and o, contain components arising from both coherent
and random noise plus possiﬂle variations in the atmospheric path radiance
over the areas sampled. Also included are possible contributions from
variability of the water surface, wherever the reflectance is nonzero
because of suspended sediment or organic load. For the Salton Sea data of
April 18, 1989, the variance-covariance matrix in terms of the radiances (X
100) derived from analysis of 2500 pixels over the water is

0,2 63.1
a,,% o,° = 7.3 20.3
0., 0,,% a,? ~7.9 -3.6 25.7

for the 940-nm band, and

-4.3 40.0

5.8 -5.4 30.8

for the 1130-nm band. The fractional uncertainties in derived precipitable
water values are, from Equation 2,

o,/ = (0,/y)/(apP) (4)
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Figure 1. Location of the Salton Sea test site in southeastern California
(inset). MSS image shows orientation and extent of the AVIRIS flight paths
over Salton Sea, in the Salton Trough, April 18, 1989. Places mentioned in
the text but not shown on this index photo include: (1) Imperial Valley -
extends southeast from southeast shore of Salton Sea including agricultural
areas shown in red (slide only) and the cities of Niland, Calipatria,
Brawley, Imperial, and El Centro, (2) Coachella Valley - extends northwest
off the image from northwest shore of Salton Sea near the town of Mecca.
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Figure 2. Atmospheric characterization via Reagan sun photometer at Salton
City, 18 April 1989. (1) Langley plot - Raw radiometer output versus

airmass, 1/cos (solar zenith angle), (2) Components of the optical depth
derived from the Langley plot data, (3) Calibrated results - instantaneous
optical depths derived from two-point Langley plots using instrument
calibration constants (V,) derived from long-term-average zero-air-mass
intercepts, (4) Vo from Nevada - instantaneous aerosol optical depths
derived from two- point Langley plots using V;, values derived from high-
altitude measurements at Charlton Peak, Nevada.
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Figure 3. Instantaneous water vapor determinations from ratioing spectral
hygrometer and Reagan sun photometer data at Salton City. AVIRIS
determinations are via the CIBR method with LOWTRAN 7 code, wusing
laboratory-determined responsivities to calculate inflight radiances. See
text for complete explanation.
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Figure 4. Wind directions and speeds at 2 meters above ground level at

time of AVIRIS overpass, as measured by mechanical weather stations.
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Figure 5. Wavelengths and radiance values used to calculate the Continuum
Interpolated Band Ratio (CIBR) from AVIRIS radiance data.
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Figure 5. Wavelengths and radiance values used to calculate the Continuum

Interpolated Band Ratio (CIBR) from AVIRIS radiance data.
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Figure 8. Left image: - three-color composite AVIRIS image of near-shore
area (11:05 PST segment) in northwest Imperial Valley. Right image: -
spatial distribution of atmospheric water vapor (column abundance) derived
using CIBR algorithm and 940-nm water band.
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Figure 9, Spatial distribution of atmospheric moisture (column abundance)
compared to the distribution of green fields as shown in left image of
Figure 8. The median filter replaces image DN at a pixel P by the most
frequent DN value in the 3x3 array of which P is the center.
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Figure 11. Fractional error in the recovered water abundance for 940- and
1130-nm bands using the CIBR algorithm over selected surface targets.
Variances and covariances estimated from radiance data over a 2500-pixel
area of Salton Sea northwest of the 12:05 PDT segment of the NW-SE flight
line.
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Figure 12. Normalized differences between the standard CIBR derived with
constant surface reflectance of 0.25 and CIBR derived with surface
reflectances of alfalfa, and iron-oxide- and gypsum-rich soils, calculated
as a function of path precipitable water.
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Figure 13, Fractional (systematic) error in percent of water retrieved

using the standard CIBR calibration curve for background reflectance of
iron- oxide-rich soil and alfalfa.

Figure 14, Fractional (systematic) uncertainty in recovered water vapor
abundances for 940- and 1130-nm bands introduced by changes in radlometrlc
calibration of AVIRIS during flight. Water abundance assumed is 1.54 g/cm
The variable 6L,, 1is equal to 6L, + 6L,, the combined (algebraic) change
in the radiances L1 and L,. The horizontal axis F, is the percent change in
the radiance L The horizontal (shaded) areas depict regions where
combinations of radlance changes for L, L,, and L, may lie to produce
observed discrepancies between ground radlometer based and AVIRIS-based
water retrievals.
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